). In contrast, the high agreement with the predicted size of the Yap1 mixed MW band was strongly increased with an allele carrying disulfide partner, indicating that the two proteins form substitutions of its three amino-terminal cysteines a 1:1 stoichiometric complex. Gpx3 is a constitutively (Yap1 C303A, C310A, C315A ) ( Figure 1C Figure 3B ). In view of the mixed-disulfide formed by wild-type When H 2 O 2 (100 M) was added to premixed reduced Yap1 and Gpx3 in H 2 O 2 -treated cells, we also tested purified Yap1 and E. coli-expressed Gpx3, a disulfide whether these proteins could interact non-covalently bond was formed between the two proteins, and Yap1 under non-induced conditions ( Figure 2E ). E. coli-exbecame partially oxidized to its faster mobility band in pressed Gpx3 was specifically retained by Myc-Yap1 a Gpx3-dependent manner ( Figure 3B ). Therefore, Gpx3 that had been immobilized on an anti-Myc immunoaffinis also required for Yap1 oxidation by H 2 O 2 in vitro, ality column. This result was obtained both under anaerothough oxidation is not as efficient as in vivo, maybe biosis with fully reduced proteins ( Figure 2E) 
Gpx3 Is Exclusively Required for the Activation
Yap1 activation occurring in the absence of Gpx3. In this case, secondary oxidation by-products generated of Yap1 by Hydroperoxides Oxidation of Yap1 by peroxides triggers its nuclear reby hydroperoxide might trigger the Gpx3-independent Yap1 activation mechanism. distribution and its ability to activate target-gene expression (Delaunay et al., 2000) . In ⌬gpx3, a GFP-Yap1 fusion remained mainly cytoplasmic up to 90 min after The Gpx3 Peroxidase Function Involves an Active-Site Disulfide H 2 O 2 treatment, in contrast to its exclusive nuclear localization in the wild-type strain during the first 30 min The Yap1 hydroperoxide sensor Gpx3 is a previously identified hydroperoxide scavenger. It was thus imporof this treatment ( Figure 4A ). Nevertheless, a few cells (10%-30%) showed a very partial GFP-Yap1 staining in tant to determine whether different Gpx3 cysteine residue(s) operate in its different functions. the nucleus in ⌬gpx3 after 30 min, demonstrating that Yap1 nuclear redistribution, although significantly inhibWe analyzed the redox forms of HA-Gpx3 with the procedure used for the analysis of Yap1. In untreated ited, could still occur. In ⌬gpx3 cells, induction of the Yap1 target-gene TRX2 measured after 30 min of treatcells, HA-Gpx3 migrated as a single band, but in cells treated with H 2 O 2 , a second faster mobility band was ment was defective through a range of H 2 O 2 concentration from 50 to 800 M ( Figure 4B ). Furthermore, TRX2 apparent ( Figure 5A ). This faster band was diagnostic of a Cys36-S-S-Cys82 disulfide bond because it was induction was delayed by an hour and significantly diminished in ⌬gpx3 in comparison to the wild-type kinetseen neither under reducing conditions nor in Gpx3 cysteine mutants Gpx3 C36S or Gpx3
C82S
. An MS/MS analysis ics ( Figure 4C ). This residual TRX2 induction is dependent upon Yap1 since it was absent in ⌬gpx3⌬yap1 by nanoESI-Q-TOF of the chymotryptic digest of E. coliexpressed oxidized Gpx3 confirmed the presence of this strain (not shown). Yap1 is also activated by diamide through a mechanism not involving the C303-S-S-C598 disulfide bond (not shown). We tested the significance of this disulfide bond by assaying in vitro the peroxidase bond formation (Delaunay et al., 2000) , and by electrophiles that supposedly operate by covalent modification activity of purified E. coli-expressed Gpx3 and its cysteine substitution derivatives ( Figure 5B ). Gpx3 had a of Yap1 C-terminal cysteines (D.A., A.D., C. R.-P., F.T. and M.B.T, unpublished data). We thus evaluated significant peroxidase activity in the presence of thioredoxin and thioredoxin reductase (see below). In conwhether Gpx3 was also required for activation of Yap1 by these compounds. C64S,C82S had a wild-type kDa) whereas in oxidized Gpx3, only Cys64 is available tolerance to hydroperoxides ( Figure 5C ). These data (0.5 kDa). This differential alkylation, by giving a further suggest that the hydroperoxide phenotype of ⌬gpx3 is 1 kDa difference between reduced and oxidized bands, primarily due to defective Yap1 activation. Tolerance clearly indicated that fully reduced Gpx3 became about assays also showed that the ⌬gpx3 strain, although hyhalf-oxidized as early as 2 min after exposure to H 2 O 2 persensitive to H 2 O 2 , was more resistant than the ⌬yap1 and was then reduced after 15 min ( Figure 6A ), closely strain. However, when YAP1 was deleted in ⌬gpx3, the paralleling the occurrence of the Yap1-Gpx3 mixed diresulting strain (⌬yap1⌬gpx3) was as sensitive as ⌬yap1, sulfide (see Figure 1A) . The GSH pathway was tested in indicating that the higher H 2 O 2 tolerance of ⌬gpx3 is a strain lacking the glutathione reductase gene GLR1 due to Yap1 and might relate to the Gpx3-independent (⌬glr1) or in ⌬glr1⌬gsh1PRO2-1 (Spector et al., 2000) . activation mechanism suggested above.
The latter strain lacks both GLR1 and ␥-glutamyl cysteine synthase (GSH1), but still carries approximately Gpx3 Is Reduced by Thioredoxin and not by GSH 0.5% of the WT cellular GSH content. In both strains, Our data, by showing that Gpx3 oxidizes Yap1, imply the redox state of Gpx3 before and after treatment with H 2 O 2 had a wild-type pattern ( Figure 6A ). In contrast, that their redox states are coupled. However, this is in a strain lacking both cytoplasmic thioredoxin genes gesting that thioredoxin is required for Yap1 reduction, and/or that its absence promotes Yap1 activation. With TRX1 and TRX2 (⌬trx1⌬trx2), Gpx3 was constitutively partially oxidized (about 10%), and became fully oxithe above-demonstrated essential requirement of Gpx3 for Yap1 oxidation and activation, we tested whether dized by H 2 O 2 for up to one hour. We confirmed this in vivo observation by assaying the Gpx3 peroxidase Gpx3 could mediate the deregulation of Yap1 in thioredoxin pathway mutants. We thus deleted GPX3 in a activity in vitro. This activity was significant with thioredoxin and thioredoxin reductase as the reducing system strain lacking both thioredoxin genes (⌬trx1⌬trx2⌬gpx3) (Figures 6C and 6D) . In contrast to its partial constitutive (see above, Figure 5B ), but undetectable with glutathione reductase and GSH (not shown). We also assayed oxidation seen in ⌬trx1⌬trx2, Yap1 was fully reduced in ⌬trx1⌬trx2⌬gpx3 and did not oxidize upon H 2 O 2 treatthe reduction of Gpx3 in vitro. Recombinant Gpx3 oxidized by H 2 O 2 ( Figure 6B, lane 2) was completely rement ( Figure 6C) . Similarly, the constitutive and unregulated H 2 O 2 induction of the Yap1-target gene TRR1, seen duced by the thioredoxin system (lane 5), but only minimally by the GSH system (lane 3), as shown by its distinct in ⌬trx1⌬trx2, was suppressed in the triple deleted strain ( Figure 6D ). Hence, Gpx3 is also essential for the constielectrophoretic redox forms ( Figure 6B ). These data establish that thioredoxin and not GSH is the physiological tutive partial activation of Yap1 in thioredoxin pathway mutants. electron donor system for Gpx3. oxide levels and to transduce this signal to Yap1 by bond in Yap1
Gpx3 Mediates the Deregulation of Yap1 Discussion in Thioredoxin Mutants

C303A
. This is the simplest model that fits the experimental data. One of the in vivo oxidized forms virtue of specific thiol oxidation. This function of Gpx3 can be easily conceived in view of its thiol peroxidase of Orp1 contains a Cys36-S-S-Cys82 intra-molecular disulfide bond ( Figure 5A ) that could also oxidize Yap1 structure endowed with high hydroperoxide reactivity, thus highlighting a previously unrecognized coupling by a mechanism of thiol-disulfide exchange reaction. Although this possibility cannot be formally excluded, between hydroperoxide scavenging and sensing. The data presented elucidate a hydroperoxide sensing and the existence of two mechanisms of oxidation is unlikely. The proposed model thus supposes that when formed, signaling pathway based on a thiol oxidation cascade in a eukaryote and stress the high specificity of thiol the Cys36 sulfenic acid is poised to react with either Yap1 Cys598 or Orp1 Cys82. Yet, mixed disulfide bond oxidation reactions in vivo. In this pathway, Gpx3 actually functions as a highly specific hydroperoxide recepformation might be favored at the expense of the Orp1 intra-molecular disulfide, if a pool of Orp1 is in a pretor transducing the redox signal to downstream protein thiols. We propose changing the name of Gpx3 to "Oxicomplex with Yap1, as suggested by their in vitro noncovalent interaction ( Figure 2E ). Such a model describes dant Receptor Peroxidase 1" (Orp1).
Upon exposure to H 2 O 2 or t-BOOH, Yap1 Cys598 and a two-components system for sensing and transducing the hydroperoxide signal thus distinguishing four cysOrp1 Cys36 transiently form an inter-molecular disulfide linkage essential for oxidation and activation of Yap1. teines (Cys36, Cys82, Cys303, and Cys598), each carrying a unique redox reactivity. As the sensor, Orp1 This is demonstrated by the in vivo and in vitro defective hydroperoxide-induced oxidation of Yap1 in the abCys36 is endowed with high hydroperoxide reactivity, which might relate to high nucleophilicity, low pKa value, sence of Orp1, further indicating that Orp1 is the peroxide receptor of the Yap1 pathway. The exclusive requireand the ability to stabilize the RO Ϫ -leaving group of the peroxide substrate by a proton-donating group (Ellis ment of Orp1 Cys36 in Yap1 activation ( Figure 3C ) indicates that this cysteine is the site of peroxide sensand Poole, 1997). The Cys36 amino acid environment probably determines its unique reactivity. The three ing, agreeing with it being the conserved peroxidase active-site residue. We propose the following model of other cysteines must have both a high nucleophilicity and a much lower reactivity toward peroxides. how Orp1 senses hydroperoxide and oxidizes Yap1 (Figure 7) . Orp1 Cys36 is directly oxidized by H 2 O 2 to yield As presented, the proposed model addresses the mechanism of Yap1 oxidation by hydroperoxide, but not H 2 O and a sulfenic acid Cys36-SOH, the expected oxidation product of a cysteine residue by hydroperoxides its reduction. Based on genetic and biochemical data, 
